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CAPS markers specific to E®, E¢, and R genomes
in the tribe Triticeae

X.-M. Li, B.S. Lee, A.C. Mammadov, B.-C. Koo, I.W. Mott, and R.R.-C. Wang

Abstract: Wild Triticeae grasses serve as important gene pools for forage and cereal crops. Understanding their genome
compositions is pivotal for efficient use of this vast gene pool in germplasm-enhancement programs. Several cleaved am-
plified polymorphic sequence (CAPS) markers were developed to distinguish the E®, E°, and R genomes. With the aid of
disomic addition lines of wheat, it was confirmed that all 7 chromosomes of EP, E¢, and R genomes carry these genome-
specific CAPS markers. Thus, the identified CAPS markers are useful in detecting and monitoring the chromosomes of
these 3 genomes. This study also provides evidence suggesting that some Purdue and Chinese germplasm lines developed
for barley yellow dwarf virus (BYDV) resistance are different from those developed in Australia. Furthermore, Thinopy-
rum intermedium and Thinopyrum ponticum were shown to have different genome constitutions. Sequence analyses of the
1272 bp sequences, containing Ty3/gypsy retrotransposons, from the E®, E¢, and R genomes also shed light on the evolu-
tion of these 3 genomes.

Key words: addition line, evolution, homology, PCR, retrotransposon, speciation.

Résumé : Les graminées sauvages de la famille des hordées constituent un réservoir génique important pour les espéces
cultivées céréalieres et fourragéres. Une connaissance de leur composition génomique est essentielle en vue d’une utilisa-
tion efficace de ces vastes réservoirs de genes pour des fins d’amélioration des ressources génétiques des programmes de
sélection. Plusieurs marqueurs CAPS (« cleaved amplified polymorphic sequences ») ont été développés pour distinguer
les génomes E®, E° et R. A I'aide de lignées d’addition disomiques chez le blé, il a été confirmé que les 7 chromosomes
des génomes E, E° et R portaient ces marqueurs spécifiques des génomes. Ainsi, les marqueurs CAPS identifiés permet-
tent de détecter et de suivre les chromosomes de ces 3 génomes. Cette étude suggere que certaines lignées dotées de résis-
tance au virus de la jaunisse nanisante de 1’orge (« BYDV ») développées a Purdue ou en Chine seraient distinctes de
celles développées en Australie. De plus, il est montré que le Thinopyrum intermedium et le Thinopyrum ponticum ont une
composition génomique différente. L’analyse des séquences de 1272 pb provenant des génomes E’, E¢ et R, lesquelles
contiennent des rétrotransposons Ty3/gypsy, a permis de jeter un éclairage sur I’évolution de ces 3 génomes.

Mots-clés : lignée d’addition, évolution, homologie, PCR, rétrotransposon, spéciation.

[Traduit par la Rédaction]

Introduction

Perennial Triticeae grasses serve as important gene pools
for forage and cereal crops (Dewey 1984). Understanding
their genome compositions is pivotal for efficient use of
this vast gene pool in germplasm-enhancement programs.
Despite extensive research on Triticeae genomes, the ge-
nome composition remains to be confirmed for many of the
tribe’s approximately 350 species (http://herbarium.usu.edu/
Triticeae/genomes.htm).

A number of genome-specific random amplified polymor-

phic DNA (RAPD) markers were identified and sequenced
in perennial Triticeae species (Wei and Wang 1995; Zhang
et al. 1998). Many species- and genome-specific repetitive
sequences have also been reported (Rayburn and Gill 1986;
Zhang and Dvorak 1990; Tsujimoto and Gill 1991;
Anamthawat-Jonsson and Heslop-Harrison 1993; Li et al.
1995). Genome-specific molecular markers are useful in
identifying the genome constitution of the species in ques-
tion (Svitashev et al. 1998).

Because a RAPD marker is one of many amplified DNA
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Table 1. Plant materials used in this study.

Symbols® Species ID No. Source Notes
Eb=] Thinopyrum bessarabicum (Savul. & Rayss) A. Love PI 531710 FRRL

E¢=E Th. elongatum (Host) D. Dewey PI 531718 FRRL

St Pseudoroegneria spicata (Pursh) A. Love PI 236668 FRRL

St P. libanotica (Hackel) A. Love PI 338391 FRRL

R Secale montanum Guss PI 531829 FRRL

R Secale montanum Guss PI 531835 FRRL

H Hordeum bogdanii Wilensky PI 499501 FRRL Perennial

I Hordeum vulgare L. “Walker’ PI 557000 usSu Annual

| Agropyron cristatum (L.) J. Gaertner PJ-3817 FRRL

P A. mongolicum Keng PI 499392 FRRL

Ns Psathyrostachys juncea (Fisch.) Nevski PI 314521 FRRL

Ns Ps. huashanica Keng PI 531823 FRRL

Ns Ps. fragilis (Boiss.) Nevski PI 343190 FRRL

w Australopyrum pectinatum ssp. retrofractum (J.W. Vickery) A. Love PI 531553 FRRL

\'% Dasypyrum villosum (L.) Candargy D-2990 FRRL Annual
ABD Triticum aestivum L. ‘Chinese Spring’ Cltr 14108 Missouri Annual

Th. i Thinopyrum intermedium (Host) Barkworth & D. Dewey PI 547315 FRRL 2n =42

Th. p Th. ponticum (Podpera) Liu & Wang ‘Alkar’ PI 574516 FRRL 2n =170
1E® to 7E® T. aestivum lines with a pair of Th. bessarabicum chromosomes CIMMYT 2n=44

1E to 7E T. aestivum lines with a pair of Th. elongatum chromosomes Kansas 2n =44

IR to 7R T. aestivum lines with a pair of S. cereale chromosomes Missouri 2n =44

P1 T. aestivum lines with Th. Intermedium chromosome or segment P107 Purdue R to BYDV
P2 961341A3-2-2 R to BYDV
P3 961341A3-1-2-3 R to BYDV
P4 98131A1-1-4-9 S to BYDV
P5 98134G4-1 R to BYDV
P6 P29 = GP-541 R to BYDV
P7 169-1 R to BYDV
P8 632-21 R to BYDV
P9 177-1 S to BYDV
P10 69-1 S to BYDV
T1 T. aestivum lines with Th. Intermedium chromosome segment Y920592 China R to BYDV
T2 Y920592 R to BYDV
T3 D957-3 R to BYDV

Note: BYDYV, barley yellow dwarf virus; CIMMYT, International Maize and Wheat Improvement Center, Mexico; FRRL, USDA-ARS Forage and Range
Research Laboratory, Logan, Utah; USU, Utah State University, Logan, Utah; R, resistance; S, susceptibility.

“Genome symbols (according to Wang et al. 1995) are in boldface.

fragments from PCR based on a single primer 10 bases in
length, inexperienced people can have difficulty using the
RAPD technique. Sequence-tagged site (STS) markers
(Tragoonrung et al. 1992) are PCR-based markers generated
by a pair of primers (each ~20 bases long) that are designed
according to known DNA sequences. Ideally, only 1 DNA
fragment of a specific length (STS marker) will be amplified
from the template DNA containing the target sequence. STS
markers will be more reproducible and specific than the
original RAPD marker. Running an assay with the restric-
tion fragment length polymorphism (RFLP) technique re-
quires more genomic DNA and more time than RAPD or
STS. Therefore, PCR-based markers such as STS and
cleaved amplified polymorphic sequence (CAPS) (Ko-
nieczny and Ausubei 1993) markers are preferred by most
researchers. STS and (or) CAPS markers have been devel-
oped to identify species (Li et al. 2002) and chromosomes
(Talbert et al. 1994; Blake et al. 1996; Erpelding et al.
1996).

In this study, 1 RAPD marker specific for the E® genome

of Triticeae was converted into CAPS markers that were
specific for Eb, E¢, and R genomes. The genome symbols
are those designated by Wang et al. (1995). The genome
specificity and utility of these CAPS markers were demon-
strated with some polyploid Triticeae species and with
wheat-alien addition, substitution, or translocation lines that
have chromosomes or chromosomal segments of perennial
Triticeae species.

Materials and methods

Plant materials (Table 1) were raised from seeds and
grown in a greenhouse at the USDA-ARS Forage and Range
Research Laboratory (FRRL), Logan, Utah. All diploid and
several polyploid species with known genomes were used to
develop and screen converted STS or CAPS markers. Ten
barley yellow dwarf virus (BYDV)-resistant and -susceptible
lines were provided by Dr. Herbert Ohm (Purdue University,
West Lafayette, Ind.); 3 additional lines were provided by
Prof. Z.-Y. Xin (Chinese Academy of Agricultural Sciences,
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Beijing, China). Seven disomic addition lines of Triticum
aestivum L. with different Thinopyrum bessarabicum (Savul.
& Rayss) A. Love (EP genome diploid 2n = 14) chromo-
somes, including 5 lines characterized in Zhang et al.
(2002) plus the true 3EP and 6EP, were provided by Dr. A.
Mujeeb-Kazi (CIMMYT, Mexico). The 2 complete sets of
disomic addition lines of 7. aestivum with different Thinopy-
rum elongatum (Host) D. Dewey (E¢-genome diploid 2n =
14) and Secale cereale L. ‘Imperial’ (R-genome diploid
2n = 14) chromosomes in the ‘Chinese Spring’ background
were provided by the Wheat Genetics Resource Center
(Kansas State University, Manhattan, Kans.) and Dr. Perry
Gustafson (USDA-ARS, Columbia, Mo.), respectively.
These lines and 2 polyploid Thinopyrum A. Love species
were used to test the utility of STS and CAPS markers.

RAPD marker sequences published in Wei and Wang
(1995), Zhang et al. (1998), and Li et al. (1995) were used
to develop STS markers. STS primer pairs were designed for
each sequenced genome-specific RAPD marker, using the
Primers3 program (Rozen and Skaletsky 1996). The selected
new primer sites might or might not partially overlap the
original RAPD primer sites. Procedures for DNA extraction,
PCR amplification, and visualization of amplification prod-
ucts were as described by Li et al. (2002), with some modi-
fications. The amount of template DNA in the 25 pL. PCR
mix was 40 ng for diploid, 80 ng for tetraploid, 120 ng for
hexaploid, and 200 ng for decaploid species. PCR condi-
tions, mainly the annealing temperature and the number of
amplification cycles, were tested and optimized for each as-
say.

If an STS assay failed to produce the expected marker for
the target genome but yielded PCR products from several
genomes, the first-round STS products were excised from
agarose gel, cloned into pCR2.1 of the TA Cloning Kit (In-
vitrogen), and sequenced. STS products from different ge-
nomes were converted to CAPS markers with several
restriction endonuclease enzymes. The enzyme-digested
PCR products were then separated in a 3% agarose gel con-
taining ethidium bromide in 1x TBE.

Results

The primer pair FO3F1 (5-TGATCACCTGGTTGA-
TAAGTCA-3) and FO3R1 (5-AAAGTATTTATTCACT-
CAACCGGATCT-3"), designed to specifically amplify a
1277 bp fragment (F03-1277bp) from the EP genome RAPD
marker OPFO03,9¢ (GenBank accession No. U43516), ampli-
fied 1 product of the expected length not only from the tar-
get genome EP but also from nontarget E¢ and R genomes
(Fig. 1a). To differentiate these 3 genomes, the FO3-1277bp
products from EP, E¢, and R genomes have been successfully
converted to CAPS markers, using 3 (of 4 tested) restriction
enzymes (Fig. 1b).

Using the CAPS markers, 10 Purdue lines (Pl to P10)
were tested for the presence of EP or E® chromosomes
(Fig. 2); the 3 Chinese lines (T1 to T3) were tested along
with 7 wheat addition lines that had different EP chromo-
somes (Fig. 3). Some of those lines, with or without BYDV
resistance, yielded the CAPS markers for the R genome in-
stead of those for EP or E¢. Each of 7 EP chromosomes pro-
duced the EP-specific CAPS marker bands using the
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Fig. 1. (a) The primer pair 5'-TGATCACCTGGTTGATAAGTCA-3’
and 5-AAAGTATTTATTCACTCAACCGGATCT-3', at 58 °C for
20 cycles, amplified a ~1270 bp fragment from EP, E¢, and R
genomes. A faint band was produced from the St genome. (b) The
sequence-tagged site (STS) FO3-1270bp marker was successfully
converted to cleaved amplified polymorphic sequence (CAPS) mar-
kers, using 3 (of 4 tested) restriction endonucleases. Bands in lane M
are size markers (top to bottom): 1500, 1200, 1000, 900, 800, 700,
600, 500, 400, 300, 200, and 100 bp.

ME EStStNs PHIRR

WW VM

F03-1277 bp
E' E%, and R

Conversion to CAPS

HindII BamHI Alul EcoRI

MEERREEERR EEERREEERERE M

restriction endonuclease EcoRI (Fig. 3). The CAPS markers
for E¢ and R genomes were also produced from each of 7
chromosomes in the respective genomes (Fig. 4).

Two polyploid Thinopyrum species, Th. intermedium
(Host) Barkworth & D. Dewey and Th. ponticum (Podpera)
Liu & Wang, were assayed using CAPS markers (Fig. 5).
Thinopyrum intermedium was positive for the presence of
Eb- and R-specific CAPS markers, whereas Th. ponticum
was positive for E¢- but negative for R- and EP-specific
CAPS markers (Fig. 5a). Thinopyrum intermedium had a
most intense undigested FO3-1277bp fragment when EcoRI
was used to digest the STS marker (Fig. 5b).

The amplified FO3-1277bp fragments from wheat addition
lines with the alien Eb-, E¢-, and R-genome chromosomes
were cloned, and 4 correct clones from each of 7 addition
lines were sequenced. All fragments from EP (= J), E¢ (=
E), and R genomes were 1272 + 1 bp in length. These re-
lated repetitive sequences are hereafter named FO03-1270
family sequences (GenBank accession Nos. BV721944 to
BV722027), which can be classified into 4 types (Table 2).
Because 1 of the 28 sequences from J-genome addition
lines, that from the 4J chromosome (STS 4J-1, GenBank ac-
cession No. BV721955), had restriction-site patterns specific
to R-genome-derived sequences, it was excluded in homol-
ogy comparisons of sequences derived from the 3 genomes.
The remaining 27 sequences were either J-genome-specific
or common to both J and E genomes. Similarly, sequences
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Fig. 2. Purdue lines P1 to P10, developed for barley yellow dwarf virus resistance, (a) were assayed for the STS F03-1270bp fragment at
60 °C for 20 cycles with the primer pair 5'-TGATCACCTGGTTGATAAGTCA-3" and 5-AAAGTATTTATTCACTCAACCGGATCT-3'.
No amplification was observed for the St genome under these PCR conditions. (b) Those with the expected amplification product were tested
for the CAPS markers using restriction enzymes HindIIl and EcoRI. Bands in lane M are size markers (top to bottom), as in Fig. 1. The alien
chromosomes in lines P2, P3, P4, P5, P8, and P10 contained the R-genome-specific sequence instead of the E- or St-specific sequence.

M St E° E° R ABDPI P2 P3 P4 P5 P6 P7 P8 P9 P10Ck M

F03-1277 bp

ME" E*R P2 P3 P4 P5 PSP10 M

F03-1277 bp
+ HindI

F03-1277 bp
+ EcoRI

from the E-genome chromosomes were either E-genome-
specific or common to both J and E genomes. Homology
among sequences from J-genome addition lines varied from
88% to 97% when BV721955 was excluded. Sequences
from E-genome addition lines shared a sequence homology
ranging from 86% to 95%. Sequences from R-chromosome
addition lines shared a sequence homology ranging from
86% to 100%, with 2 pairs of sequences being identical.
The homology between J- and E-genome sequences varied
from 85% to 96%, whereas the homology between R-
genome sequences and J- or E-genome sequences varied
from 82% to 87%, indicating the closer genome relation-
ship between the 2 versions (EP and E€) of the E genome.
The homology between J-, E-, or R-genome sequences and
the U43516 from J varied from 91% to 96%, 87% to 95%,
and 83% to 85%, respectively. One representative sequence

from the R genome (STS 5R-1; GenBank accession No.
BV722015) and 2 from E (STS 2E-1 and STS 4E-1; Gen-
Bank accession Nos. BV721976 and BV721983, respec-
tively) were aligned with 1 from J (STS 1J-1; GenBank
accession No. BV721944) (Fig. 6). After restriction analy-
ses of all 84 F03-1270 family sequences from the 3 ge-
nomes, the exact fragment sizes in Fig. 1o are presented
in Table 3.

Discussion

Conversion of molecular markers to STS markers is not
an easy task. It requires a large number of marker sequences
from which suitable primer pairs can be designed. Then
PCR conditions need to be optimized to yield discernible re-
sults for the target — a specific genome in this case. Even if
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Fig. 3. Chinese lines T1 to T3, developed for barley yellow dwarf
virus resistance, and 7 disomic wheat—Thinopyrum bessarabicum
addition lines with different E® chromosomes (1EP to 7EP) were as-
sayed for the STS F03-1270bp fragment with the primer pair 5'-
TGATCACCTGGTTGATAAGTCA-3" and 5-AAAGTATTTATT-
CACTCAACCGGATCT-3" at 60 °C for 20 cycles (top) and for the
CAPS markers using restriction enzyme EcoRI (bottom). Bands in
lane M are size markers, as in Fig. 1. The alien chromosomes in
T1, T2, and T3 contained the R-genome-specific sequence instead
of the E- or St-specific sequence. All 7 E® chromosomes contain
the dispersed sequence U43516, from which the F03-1270bp frag-
ment was amplified.

ME" E° R TI1 T2 T3 1E*2E"3E*E SE*6E"7E" M

F03-1277 bp

F03-1277 bp
+ EcoRI

the designed primer pairs encompass the 5" and 3’ end se-
quences of the original marker, the STS assay might still
fail to produce the specific marker from the target genome.
The primer pair designed to amplify a 1277 bp fragment
from the EP-genome-specific RAPD marker OPFO03 ;504
(GenBank accession No. U43516) amplified the STS frag-
ment not only from EP but also from E¢ and R genomes
(Fig. 1a). The faint band of the STS marker could result
from the St genome when the annealing temperature was
58 °C (Fig. la), but not when it was 60 °C (Fig. 2a). There-
fore, conversion of the STS F03-1270bp sequences to CAPS
markers was attempted by testing the ability of 4 different
endonucleases to cut the long fragment (Fig. 1b). Although
BamHI failed to produce polymorphisms, Alul, HindIll, and
EcoRI yielded polymorphic CAPS markers for the 3 ge-
nomes (Fig. 1b). Because of their lower costs, the last 2 en-
donucleases were selected for routine assays to distinguish
EP from E¢ and R genomes (Table 2). The St genome can
be distinguished from the 3 genomes by its uncut FO3-
1270bp fragment when EcoRI is used (Fig. 5b).

Using CAPS markers derived from the F03-1270 family
repetitive sequence, we confirmed the presence of Eb-
specific fragments in all 7 chromosomes of the EP ge-
nome (Fig. 3). Fluorescent in situ hybridization (FISH)
has demonstrated that the U43516 sequence is a dis-
persed repetitive sequence occurring on all 7 EP genome
chromosomes (Zhang et al. 1998). This study further re-
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Fig. 4. Disomic addition lines of wheat with different chromosomes
of the E® and R genomes were assayed with CAPS markers for E°

(=1J), E® (=E), and R genomes. (a) The STS F03-1270bp fragment;
(b) CAPS markers using restriction enzyme HindlIIl; and (c¢) CAPS
markers using restriction enzyme EcoRI. Bands in lane M are size

markers, as in Fig. 1.

MJ ER SEEEIEEREEEEEEEM

&l sl mrars .

—-—

LB Ssasceme

vealed that chromosomes 2, 4, 5, and 7 of the Eb ge-
nome had higher copy numbers of the repetitive
sequence than chromosomes 3 and 6; chromosome 1
had the lowest copy number (Fig. 3). In comparisons,
E-genome chromosomes had more uniform copy num-
bers of the dispersed repetitive sequence than J- and R-
genome chromosomes, even though there appeared to be
3 groups based on band intensity: (5E, 6E, 7E) > (lE,
2E) > (3E, 4E) (Fig. 4a). The R-genome chromosomes
could also be grouped into 3 classes, based on the
abundance of FO03-1270 sequences: (IR, 5R) > (3R,
4R) > (2R, 6R, 7R) (Fig. 4a).

This study shows that the CAPS markers derived from
F03-1270 family sequences are present on all 7
chromosomes of EP, E¢, and R genomes (Figs. 3 and 4).
The EP-specific RAPD marker (GenBank accession No.
U43516) sequence has an 80% homology with a 633 bp seg-
ment of gil44888773IgblAY534123.1ISEG_AY534122S2
that contains Aegilops tauschii transposons. The sequence
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Fig. 5. Thinopyrum intermedium and Thinopyrum ponticum were assayed with CAPS markers for E® (= J), E® (= E), and R genomes.
Photographs are those inverted from electrophoretic gel images. (a) CAPS markers using restriction enzyme HindIll revealed the presence
of J-genome (white arrows) and R-genome-specific (black arrows) fragments in Th. intermedium (Th. i) but not in Th. ponticum (Th. p). (b)
CAPS markers using restriction enzyme EcoRI revealed the presence of R-genome-specific (black arrows) fragments in Th. intermedium but
not in Th. ponticum. The most intense original STS F03-1270bp fragment in Th. intermedium substantiated the presence of the St genome in
this species (Liu and Wang 1993). Bands in lane M are size markers, as in Fig. 1.

M J E RTh!IThp M StJ E RThiTh p

Table 2. Distributions and classification of 28 sequences each of the F03-1270 family repetitive sequence in EP, E°, and R

genomes.
Locations of restrictions sites CAPS fragments (bp)* Genomes

EcoRI HindIll EcoRI HindIll EP E® R
Ec¢-specific types

247 None 247; 1025 1272 0 1 0
247; 678 None 247; 431; 594 1272 0 8 0
465; 678 None 465; 213; 594 1272 0 1 0
247, 465; 678 None 247, 218; 213, 593 1272 0 1 0
248; 679 867 248; 431; 593 868; 404 0 1 0
EP and E° shared types

None None 1272 1272 1 0
678 None 678; 594 1272 10 9 0
678 218 678; 594 218; 1054 12 5 0
EP-specific types

None 218 172 218; 1054 3 0 0
678 217, 407 678; 594 218; 189; 865 1 0 0
R-specifc types

678 218; 396 678; 594 218; 178; 876 0 0 1
465 218; 396 465; 807 218; 178; 876 1 0 13
465 218; 396; 407 465; 807 218; 178; 11; 865 0 0 1
465 396 465; 807 396; 876 0 0 6
None 396 1272 396; 876 0 0 4
None 218; 396 1272 218; 178; 876 0 0 3

Note: CAPS, cleaved amplified polymorphic sequence.

“Bolded numbers indicate the sizes of intense bands observed in electrophoresis gels, as represented in Table 3.

between 221 bp and 266 bp of U43516 has a high homology = the U43516-related sequences are likely retrotransposons
with the Ty3/gypsy retrotransposons in rice chromosome 10. that disperse from chromosome to chromosome. All chro-
Results from the Blast, using Wu-blastx, indicated that new mosomes of J, E, and R genomes have similar genome-
sequences for J, E, and R (Fig. 6) all have high homology to specific sequences unique to the respective genome, as re-
Ty3/gypsy retrotransposons in barley and rice. Therefore, flected by different restriction digestion patterns for each
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Fig. 6. Alignment of the FO3-1270bp repetitive sequences from chromosomes of E® (= J) (STS 1J-1; GenBank accession No. BV721944), E®
(= E) (STS 2E-1 and STS 4E-1; GenBank accession Nos. BV721976 and BV721983, respectively), and R (STS 5R-1; GenBank accession
No. BV722015) genomes. Two major types of the F03-1270bp repetitive sequences from the E® (= E)-genome chromosomes are responsible
for yielding the E-genome-specific CAPS markers in Table 3. Restriction sites for EcoRI (E) and HindIIl (H) are indicated in bold in the

sequences.

1J-1 TGATCACCTGGT TGATAAGT CAGACCCCATCTCTTGCGATCATAGT TGCTCTTC TGGCGE 60
2E-1 TGATCACCTGGT TGATBAGT CAGACCCCATCTC T TGCGATCATAGT TGCTCT TC TGACGG 60
4E-1 TGATCACCTGGT TGATAAGT CAGACCCCATCGTTTGCTATCATAGT TGCTCTTC TGGCGE 60
SR-1 TGATCACCTGGT TGATAAGT CAGACCCCATCGC T TGCGATCATART TGCTCT TC TGGCGE 60

tEEEEEEEEEEEE Rk rr b E bk EE LT L EE £ R L tEk*k*t kEkktEkEt EEEEEEEEERE T EhE
17-1 TOCTGAGCCGCC TTGAGATT TTCGOGEACAAT TCOTGAC TTGTTC TTCAGCGTGTOGAATA 120
2E-1 TOCTGAGCCGCC TTGAGATTCTCACGEACAAT TCTAACCTGT TC TTCAGCATGTOGAATA 120
4E-1 TCCTGAGCCGCC TTGAGATT TTCTCGGACAAT TCTGAC TTGTTC TTCAGCGTAT TGAATA 120
5R-1 TOCTGAGCOGCC TTGAGATT TTCACGOACGAT ACGEAC TTGCTC TTOGGOGTGT TGAATA 120

FhERkkEERFrkFERRErETEELERE £x £k Kk £k & *k k*k E£FEkkE Xk K £ EKEEkE
1J-1  ATGTCCGGTCCARCARGAGETCGT TCCCCAGT TTCTGACCAATTCAGAGGEGTTCGACAT 180
2E-1  ATGTCCGGTCCARCARGAGETCGT TCCOCAGT TTCTGACCAGTTCAGAGGEGTTCGACAT 180
4E-1  ATGTCCAGTCCARCGAGAGETCGT TCCCCAGT TTCTGACCAATTCAGAGGEGTTCGACAT 180
S5R-1  ATGTCCGGACCAATAACTTGTCGT TCCCCAGT TTCTGACCAGTTCAGAGGEGTTCGACAC 180

FhEkkE Xk KEkE * EhhkREREErEEEREE AL REE R E LS KEERELEI R EERE LR L RE L

H

1J-1 TTCCGTCCATATAGRACT TCGAAGGGGGCCAT TTTCAAGCTTGC TTGATARC TGTTGTTA 240
2E-1 TTACGGCCATATAGAACT TCGRAAGGGGGCCAT TTTCARGC TGGC TTGATARC TGTTGTTA 240
4E-1 TTACGTCCGTAAAGCACT TCGRAAGTGGGCCAT TTTCARGC TGGC TTGATARC TGTTGTTG 240
SR-1 TTACGTCCGTACAGAACT TCARAGGGAGCCATC T TCAAGCTTGC TTGATAGC TGTTGTTA 240

*kt Tk *£% £E F*k FEkk*t *hEt £ FTEEEE FErEEEhkF ThEEEEEE EEEEEEEE

E

17-1 TAAGAGRACTCGGCATAT GEGAGAGATTCC TCCCAT TTOT TACCGAAGGATATARCACAA 300
2E-1 TAAGAGRACTCGACATAC GEGAGAGATTCC TCCCAT TTOT TACCGARAAGATATARCACAG 300
4E-1 TAAGAGRATTCGGCATAC GGGAGAGATTCT TCCCAC TTCT TACCGAACGATATARCACAA 300
5R-1 TACGAGRACTCGGCATAT GEAAGGEATTCT TCCCAT TTOT TACCGAATGATATARCACAA 300

*k kkhEEk FEk FEEE kE kEk kkEkE khkEE FREEkEEIEEERE FEEEkEEEEEE
1J-1  GCTCGAAGCATGTCTTCAAGCACT TGAT TARCACGC TCAACT TGGCCT TGGGACTGAGGA 360
2E-1  GCTCGAAGCATGTCCTCAAGCACT TGAT TAAC TCGTTCAACT TGGCCT TGEGACTGAGGA 360
4E-1  GCCCGAAGCATATCTTCAAGAACT TGAT TAAC TCGC TCAACT TGGCCT TGEGATTGEGGA 360
S5R-1  GCTCGCAGCATATC TTCAAGCACT TGAT TGAC TCGT TCAACT TGACCT TGEGACTGGGGA 360

*h Kk kEkkEE kE KEERE kRkEEEEEE KR EFE wEEREEEREE KEEEEEER KX KRR

H

1J-1 TGATATGCGGAACTCCATGTAATATGAGTTCCCATGGC TTCT TGGARACTTTCCCAGAAT 420
2E-1 TGATARGC TGRACTCCATGTAATATGAGTTCCCATGTC TTCT TGGARACTTTCCCAGARC 420
4F-1 TGATARGC TGRACTCCAGGTAATGTGAGTTCCCATAGC TTCT TGGRABACTTTCCCAGARC 420
SR-1 TGATARGC TGRACTCCAG TGAATATGAGTTCCCAAAGCTTCT TGARAACTTTCCCAGARC 420

*EtxtkEt *% FTEEEkEEE *Etx EEEEEEEEEE kthk*kthdt EEEEEEEEEEEEEE

E

17-1 TTGGARGTGARAAGAACGCCACGGTC CGAAAT TATC TC TT TOGGARTACCATGEAGAGAG 480
2E-1 TTGGACGTGARAAGAACGCCACGGTC TGAACTARTC TCOT TOGGGATACCATGEAGAGAA 480
4E-1 TTGGATGTGARAAGACCGC TACGGTCCGAACTGATC TCCT TCGGARTACCGTGGAGTGRA 480
5R-1 TTGGARGTGARC AGGGAGCCACGGTC CGAACTGATC TCOT TOGEARTTCOGTGEAGEGAT 480

*hkEkkk FEkrk k% tk Fhikkkk Fkk k FhEEE FEErkE Kk *kEk kEkEE £ &

restriction enzyme (Table 2; Figs. 3 and 4). Therefore,
early in their evolution, the F03-1270 family sequence in
the progenitor genome of the 3 genomes (probably the se-
quence without EcoRI and (or) HindIIl restriction sites)
most likely first diverged through base changes that gave
rise to genome-specific restriction sites before dispersion
(transposition) of those diverged sequences from 1 chromo-

some to all chromosomes within a genome (Fig. 7). This
case adds another example to the long list of roles that
transposable elements play in genome evolution in plants
and animals (Kazazian 2004; Hancock 2005; Lai et al.
2005; Volff 2005). The 10 bases at both ends of the EP-
genome-specific RAPD marker OPFO03,,9, (U43516) must
also be so different from the bases flanking the F03-1270
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Fig. 6 (continued).

10-1  ACRATTCTTGCGATATARAGTTCTGCCARC TGAC TAGCAGTGATAGTCTCCTTGACTGGT 540
2E-1  ACAATTCTGGCGATGTACAGTTCTGC TAGC TGGC TAGCGGTGATAGTC TCCT TGACAGGT 540
4E-1  ACGATTCTGGAGATATACAATTCTGCTAAC TGGCTAGCAGTGATAGTCTCCT TGACAGGC 540
5R-1  ACAATTCGGGAGATATACAGTTCTGC TARC TGGC TAGCAGTGATAGTC TCCTTGACTGGC 540
& FEE* * kEHk xwk £ FEkkkk *k kEEt FEkEkE FrkrthkEkEEEErkEkEkE k&
17-1  AGRAARGTGTGCAACTTTAGAGAGT TGATCGACGACGACARGAATGGCGTCGTGACCCTTC 600
2E-1  AGGARATGAGCAACCTTGGAGGGT TGGTCGACGACGACARGGATGGCATCGTGACCCTTC 600
4E-1  AGRARRATGTGCAACTTTGGARAGT TGATCGACGACGACARGAATAGCATCGTGACCCTTC 600
5R-1  AGGARGTGTGCAACCTTTGAGAGT TGGTCGACGACGACARGAATGGCATCGT TACCCTTC 600
% *£* *E FhEkrtk & £k tkEtk EFhkEkEkrrhEthkEtkEt £k £k ikt *FEEkEkEx
1J-1  TGAGACTTAGGAAGACCTGTGATARAGTCCAT TTGTACCTTGTCCCATTTCCATARCGGR 660
2E-1  TGAGATTTAGGAAGACCAGTAATGAAGTCCATCTGCAC TTTATCCCACTTCCACAGRGGE 660
4E-1  TGAGACTTGGGAAGACCAGTAATGAAATCCAT TTGAACCT TATCCCATTTCCACAARGGE 660
5R-1  TGGGACTTAGGARRACCAGTAATGAAATCCATCTGTACCTTATCCCATTTCCACAGCGGR 660
tk kk EHEF EHEEE FEE kE £k kE kEkrEE Kk E£EF Kk EFhEEE EEEEE X tEE
E
1J-1 CTAGGGAGCGGTTGCAGAATTCCGGCAGGT TTCTGATGTTCTGCCT TCACGC GACGACAR 720
2E-1  ATAGGAAGTGGTTGCAGAATTCCAGCAGGT TTCCGGTGTTCGGC TT TCACGCGACGGCAT 720
4E-1  ATAGGAAGTGGTTGAAGAATTCCAGCAGGC TTCTGATGTTCTGCTT TCACGCGATGGCAR 720
5R-1  ATAGGARGAGGTTGCAGRAGTCCAGCAGGC TTCTGATGTTCTGCCTTCACGCGACGACAG 720
*kkEH E*x ETEhEkE FkkEk EThkE EFEEkEE kEEk ¥ E£hkEkE £k FhkEkELEEx * k%
1J-1  ACATCACATTCGGCAACATGGCGAGCARTATCCTGC TTCATGCTAGACCACCAGTACCTT 780
2E-1  ACGTCACATTCGGCAACATARCGAGCGATGTCTTGCTTTATTCTAGACCACCAGTACCTT 780
4E-1  ACATCACATTCAGCAACATATCGAGCAATGCCCTGCTTCACTCTGGACCACCAGTACCTT 780
5R-1  ACATCGCATTCAGCCACATATCGAGCAATATCCCGCTTCATATTAGGCCACCAGTACCTT 760
Eh kk AEkEkEE kR KEk K EhEkkE Kk * o S S t k EEEEREEAEREELEER
1J-1  TGACGARGGTCACGATACATCT TAGTAC TACCCGGATGGATAGACAGCGETGTATCATGE 840
2E-1  TGACGAAGATCTCGATACATCT TAGTAC TACCCGGATGGATAGATAGCGETGTATCATGE 840
4E-1  TGTCAAAGATCGCGATACATCT TGGTGC TACCCGGATGGATAGACAGCGETGTATCACGE 840
5R-1  TGGCGGAGATCACGATACATCT TAGTAC TACC TGGATGAATAGGCAGCGGTGTATCATGT 840
ESE R *hk EAE kEEEEERELAEE EE O kEkEEE ErEEE EEEE FhRERkEEAEEEELEE K
1J-1  GCCTCCTTCATGACCTTGTCAGTCATAAGT TCGARGCGAGGTACTACARTGCGATCTCGE 900
2E-1  GCCTCCTTCATGACTTTGTCAGTCATCAGT TCGARGCGAGGTACTACGATGCGGTCTCTG 900
4E-1  GCCTCCTTCATGACCTTGTCAGTCATAAGT TCGARTCGAGGTACCACGATGCGETCTCTG 900
5R-1  GCCTCCTTCATGACCTTGTCAGTCAT TAGG TCGARACGAGTTACCACARTGCGGCCTCGE 900
khkkrEdikkEErbFR FEikhEEhiEEEd *k £hhkx FhkkE FEkk £E kEEEk k&
1J-1  AAGTACAATGTACCATCTTCAGCAAC TGAGARATCCCGGTAC TTATCGRGGTGRAGCTCT 960
2E-1  AARATAAAACGTTCCATCTTCAGCARC TGAGAAATCCCGGTAC TTATCARGGTGAAGCTCC 960
4E-1  AARTACAAGGTTCCATCTTCAGCAAT TGAGARATCCCGGTACATCTCGRGGTARAGCTCT 960
5R-1  AARATACAAGGTTCCATCTTCGGATAT TGAGARATCCCTGTAT TTCGGARGATGCAGTTCC 960

£k Xk *k £k FrhEEEkkE £ * kEEErkEEEk* £k * tk 0k tk kE

407

family sequence in E¢ and R that this RAPD marker could
be amplified only from the genomic DNA of EP genome
(Wei and Wang 1995).

The most surprising results of this study are the CAPS
markers for the R genome observed in some Purdue lines
and the 3 Chinese lines developed for BYDV resistance
(Figs. 2 and 3). All these lines were developed from hybrids
of wheat and Th. intermedium (Sharma et al. 1997, 1999;
Crasta et al. 2000; Xin et al. 2001) but were believed to be
different from those developed in Australia (Banks and Lar-
kin 1995). The Australian derivatives were developed from
the addition line L1 of Cauderon (1966), which has a pair
of group-7 St-genome chromosomes (Hohmann et al. 1996;
Wang and Zhang 1996). Thinopyrum intermedium was given

the EPESSt and JJSSt genome symbols by Liu and Wang
(1993) and Chen et al. (1998), respectively. Therefore, the
R-genome CAPS markers in the Purdue and Chinese lines
were thought to be markers for the 1R/1B translocation until
Kishii et al. (2005) reported that Th. intermedium has 1 E
(or J), 1 St, and 1 variant V genome. In the E (or J) genome
of Th. intermedium, 11 of 14 chromosomes show fluorescent
St-probe signals at telomeric or subtelomeric sites, whereas
all St-genome chromosomes (except their telomeric regions)
are strongly hybridized by the St probe (Chen et al. 1998;
Kishii et al. 2005). The variant V genome in Th. interme-
dium has 9 chromosomes, the centromeric regions of which
are strongly hybridized by the St-genome probe (Kishii et al.
2005); thus, it is equivalent to the J* genome designated by
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Fig. 6 (concluded).
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1J-1 TTCTTCATCAAGCCAATC TCAGCATCCTTAGS TTGCGC TTCT TTAACASC BT TC TCAAGS 1020
2E-1 TTCTTCATCAAGTCAATT TCAGCATC TTTAGC TTGCGC TTCTATAACAGCCTTCAGRAGG 1020
4E-1 TTCTTCATTAGATC TACT TCGGCATC TTTGEC TTGCGCARTC TTTACASC TTTC TCAAGA 1020
5R-1 TGTTTTATAACATCAACGEAAGCATC TTTGGT TTGCGCCACC TTGACAGCCTTCTCAAGA 1020
* *Ek Kk K * & kEEER £FE K ErREREEE E o o E
1J-1 TTTGETTGTACCACAAGETTATTCAGAGAACC TTGAGGARCAATGTGCARAT TAAGCTGA 10680
2E-1 TCTGGCTGTACCACAAGGTTATTARGARAACC TTGOGGARCAAT TCCCACAT TTAGCTGA 1080
4E-1 TOTGGECTGTACCACAAGETTATTARGAGAACCCTGTGEARTGATAC AGACGT TCARCTTG 10680
5R-1 TCCGGTTGTATCACAAGGTCATTARGCGCACCARGTGGARCGATATCCAGAT TCAGCTTG 1080
* *Ehk EKR*k EREFEEERE EEX £E E E o e * vk * &&
1J-1 CACAGTTCTGCATARAGACGAGGT TGAGC TCGAC TAACCATGAGET TGTTECASTAAGAC 1140
2E-1 GTTAATTCTGCGTGAAGECGEGET TGAGC T TGAC TAGCCATGAGGT TATTGCAATATGAC 1140
4E-1 CGCAATTCTCCATATAGC TEGGET TGAGCTTGC T TAACCATGAGET TGTTGCAATAGEAC 1140
5R-1 CGTAATTCCTCATARAGACGAGGT TGAGCTCGCTTAACCTTGAGCT TGSTGCCCTATGAT 1140
* kEX E *k £ EFExFkEERRXE X *kh KR EEXEREEKX E =k Kk
1J-1 TTGCGECTCARAGCATCGGCCATCAC ATTAGC CT TECCAGGGETAT AACAAATTCCGCAS 1200
2E-1 TTGCGACTCAGGCCATCGGCCATCACATTAGC TTTGCCCGGTGTATAACARATACCACAG 1200
4E-1 TTGCGECTCARGECATCAGCCATGAC ATTGECCT TECCAGGGGTAT AACAAATGCCATAS 1200
5R-1 TTGCGACTCAAGGCATCGGCCATCACATTAGCCTTGCCAGGGGTATAAGARATACCGCAG 1200
kkEkr*k £EEHF khErkR* E£rhk*FE FhEFEE FE FERFEE kE EFEFEEREFEEE FF e
1J-1 TCATAATCTGTGATAGTT TCCAACCATCGCCECTGACGARGGTTCGAGATCCGGTTGAGTE 1260
2E-1 TCATAATCCGCAATACCTTCTAACCATCOTTCTTGTCGGAGATTAACATCCCGTTGAGTG 1260
4E-1 TCATAGTCCGTGATTETT TCCAACCATCEE TGO TGACGGAGATTAAGATC CGGTTEAGTE 1260
5R-1 TCGTATTCAGARATACTT TCCAACCATCCC TCTTGECGGAGGTTAACATCCCGTTGAGTG 1260
kk Fk E£E K kk Kk kKEER FEEEREEEX k kR FE kKE £F EEREFEEERFEEERE
1J-1 AATABATACTTT 1272
2E-1 AATABRATACTTT 1272
4E-1 AATABATACTTT 1272
5R-1 AATARARTACTTT 1272

EE R R RS

Chen et al. (1998). Whereas Th. intermedium did not have
the present-day V-genome STS marker, 14 of 42 chromo-
somes were strongly labeled by the V-genome probe (Kishii
et al. 2005). It did have the R-genome CAPS markers,
although at a much lower intensity than the diploid moun-
tain rye Secale montanum (Fig. 5), and 14 of 42 Th. inter-
medium chromosomes were weakly hybridized by the R-
genome probe (Kishii et al. 2005). Therefore, Kishii et al.
(2005) designated the third genome as (V-J-R) to suggest
that it was a progenitor genome before the divergence of
these 3 genomes. If that is true, some Purdue lines and the
3 Chinese wheat lines might have a chromosome or chromo-
somal segment from this (V-J-R)* genome, rather than from
the E (= J) or St genome, which is the source of transferred
chromosome segments in the Australian wheat lines (Hoh-
mann et al. 1996; Wang and Zhang 1996).

Because the J® genome is also present in Th. ponticum
(Chen et al. 1998), the (V-J-R)s genome should be present
in this decaploid species. However, Th. ponticum did not
show the R-genome CAPS markers; it had only the Ec-
specific CAPS marker after HindIIl digestion (Fig. 5a).
Unless a genomic in situ hybridization study shows that
the J® genome in Th. ponticum can be hybridized by the
V-genome probe, the genome symbol for this decaploid
species should remain EEEESES.

The F03-1270 family sequences from E and E® genomes

Table 3. Cleaved amplified polymorphic sequence (CAPS) mar-
kers for E®, E°, and R genomes after restriction digestion by
EcoRI or HindlIll of the PCR (60 °C, 20 cycles) products using
primers FO3F1 (5-TGATCACCTGGTTGATAAGTCA-3") and
FO3R1 (5-AAAGTATTTATTCACTCAACCGGATCT-3").

Lengths (bp) of CAPS

Genome  Restriction enzyme markers

R EcoRI 465; 807; and 1272
HindIIL 178; 218; 396; and 876

EP EcoRI 594; 678; and 1272
HindIIl 218; 1054; and 1272

E* EcoRI 247; 431; 594; 678; and 1272
HindIIl 1272

Note: Bold indicates intense bands.

shared a higher homology than either one with those of the R
genome (i.e., 85% to 96% vs. 82% to 87%), indicating the
closer genome relationship between the 2 versions of E ge-
nomes. The incomplete homology due to base changes en-
abled the development of genome-specific CAPS markers.
Most important, because the CAPS markers for EP, E¢, and R
genomes are dispersed on all 7 chromosomes of each ge-
nome, they should be very useful in detecting the presence of
and monitoring the changes in each chromosome in species,
hybrids, or hybrid derivatives involving these 3 genomes.
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Fig. 7. Inferred evolutionary mechanisms for the divergence of EP (= J), E® (= E), and R genomes based on the F03-1270 family repetitive sequences. The sequence without EcoRI and
Hindlll restriction sites is assumed to be the ancestral type. It split into 2 early-day genomes because of base changes at different nucleotide locations. Sequence amplification, transposition
of transposon-containing DNA, and additional base changes led to present-day R, J, and E genomes, with a large number of variant sequences in the F03-1270 family repetitive sequences.
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